We report on an eKcient numerical technique for directly locating transmission resonances and zeros in semiconductor heterostructures using tight-binding multiband models. The quantum transmitting boundary method is employed to generate the inverse of the retarded Green's function G (E) in. the tight-binding representation. The poles of G (E) are located. by solving a nonlinear non-Hermitian eigenvalue problem. The eigenvalues are calculated using a shift and invert nonsymmetric I anczos algorithm followed by Newton refinement. We demonstrate that resonance line shapes are accurately characterized by the location of the poles and zeros of G (E) in the complex energy plane. The real part of the pole energy corresponds to the resonance peak and the imaginary part corresponds to the resonance width. A Fano resonance is characterized by a zero-pale pair in the complex energy plane. In the case of an isolated Fano resonance, the zero always occurs on the real energy axis. However, we demonstrate that for overlapping Fano resonances the zeros can move o8' of the real axis in complex conjugate pairs. This behavior is examined using a simple analytic model for multichannel scattering.
I. INTRODUCTION
For several years now it has been recognized that the single-band. effective-mass model is insufBcient to simulate quantum transport in material systems that are currently under investigation. This has prompted a growing effort on the part of theorists to include realistic band structures in quantum transport simulations.
Many of the interesting eKects in quantum heterostructure devices are described by the transmission resonances obtained when these devices are coupled to semi-infinite reservoirs. In this work we describe an efBcient numerical technique for directly locating transmission resonances and zeros in quantum devices using realistic band-structure models. We choose to model semiconductor band structures using localized basis tight-binding models. The quantum transmitting boundary method (QTBM) is employed to couple the tight-binding Hamiltonian to semi-infinite reservoirs. The resulting operator is the inverse of the retarded Green's function G (E) in the tight-binding rep-
resentation.
The transmission resonances and zeros of the device correspond to the poles and zeros of G (E).
The evaluation of the poles of G+(E) requires the solution of a nonlinear eigenvalue problem. We have developed a shift and invert nonsymmetric Lanczos algorithm, that quickly provides accurate initial guesses to the eigenvalues which are of interest. These eigenvalues are then re6ned using Newton's method.
The location of the poles and zeros of G (E) provide significant information concerning the physics of quantum devices. Resonance line shapes are accurately characterized by the location of the poles and zeros of G+(E) . This is demonstrated by 6tting a partial &action expansion to a resonance line shape utilizing the pole and zero locations. In addition, the location of the poles and zeros of G+(E) locating the poles and zeros of G+(E) will be detailed in Sec. III. In Sec. IV, we shall demonstrate this numerical technique by calculating poles and zeros for a GaAs/A1As/GaAs heterostructure using the sp3s* tightbinding basis. The general behavior of the poles and zeros in indirect gap barriers is analyzed in Sec. V using a simple analytic model. In Sec. VI, band-structure effects on Fano resonance linewidths are investigated and in Sec. VII, we shall demonstrate accurate line-shape fitting using the poles and zeros of G (E).
II. QTBM FOR. TICHT-BINDING MODELS
We shall describe band structure using nearestneighbor tight-binding Hamiltonians. In this section we shall not be concerned with the details of these Hamiltonians. The basis set is assumed to be spatially localized and only nearest-neighbor coupling is considered. The Hamiltonian matrix elements are contained in the submatrices S~a nd D~. We shall define the points j = 1 and j = n as the limits of the domain, which define the mesoscopic device as shown in Fig. 1 Fig. 8 , the difference between the bound state energies is 0.100 eV. In this case, the zeros lie on the real axis and the transmission probability van- 10-'-ishes at those locations. In Fig. 9 This phenomenon may be understood qualitatively in terms of the amplitude and phase of the resonant and continuum channels. As mentioned previously, the resonant channel undergoes a phase shift of m as the incident energy passes through the pole. For an even parity bound state, the resonant channel is in phase with the continuum channel at energies below the pole and out of phase at energies above the pole. This implies that the amplitudes of the resonant channel and the continuum channel destructively interfere for energies greater than the pole energy. This explains the fact that the zero is located at a higher energy than the pole for the even parity resonance in Fig. 8 . In this energy range, the amplitude of the resonant channel is decreasing (with increasing energy) while the amplitude of the continuum channel is increasing. The transmission zero occurs at the energy for which the amplitudes of the resonant and continuum channel are equal. However, if one adds a second resonant channel with a pole located at a slightly higher energy, the amplitude of the combined resonant channel may not decrease enough to equal the amplitude of the continuum channel. If this occurs, it is necessary to move off of the real energy axis in order for the amplitudes of the continuum and resonant channels to be equal. As the bound states are brought closer together in. energy, this condition eventually occurs and the zeros move off of the real axis in conjugate pairs.
This is precisely what occurs in thicker AlAs barriers. As one increases the thickness of the AlAs barrier, the number of bound X states increases resulting in overlapping Fano resonances. Therefore, the zeros move off the real axis and the transmission probability no longer vanishes between resonances. In Fig. 5 , there are two pairs of overlapping Fano resonances. In each case the real energy corresponding to the conjugate zeros is larger than either of the pole energies associated with the overlapped resonances. In our analytic model, this corresponds to the following condition:
This simply indicates that the zero shift for the even parity state is larger than that for the odd parity state by an amount, which is greater than the difference between bound state energies.
As mentioned above, previous workers have explained the lack of transmission zeros by asserting that the conductivity through the continuum channel approaches zero. We may investigate this scenario by letting t approach zero in our analytic model. In this limit, the numerator of the Green's function is no longer a function of energy (for bound states possessing opposite parity) and zeros no longer exist. However, as is shown in Fig. 10 Fig. 12 . We have included a transmission zero (E'=0) at zero energy in the analytic expansion in order to force the condition t(0) = 0. As illustrated in Fig. 12 , it is possible to obtain a rather accurate analytic fit to the transmission curve using only the locations of the poles and zeros of G+(E). Our analytic fit is most accurate in the vicinity of the resonances where one would expect the transmission amplitude to be a rational function. Numerically integrating the curves in Fig. 12 
We therefore rewrite the unitary transformation given in Eqs. (7) and (8) The QTBM operator is obtained by simply substituting Eqs. (11) and (12) Here, g corresponds to the retarded Green's function of the uncoupled system (device or lead), G+ corresponds to the Green's function of the coupled system, and ZL is a self-energy which arises due to the coupling of the spatially finite device to the left semi-inIIinite lead. The first pair of subscripts labels the spatial basis and the second pair of subscripts labels the tight-binding basis. 
Here, g00 corresponds to the Green's function at the boundary of the uncoupled semi-inII1nite lead. In order to obtain g00, we must write the equations of motion for the Green's functions g00 and gR10 in the uncoupled semi-in6nite lead:
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